Two-component systems (TCS) are the most prevalent gene regulatory mechanism in bacteria. A typical TCS is comprised of a histidine kinase (HK) and a partner response regulator (RR). Specific environment signals lead to autophosphorylation of different HKs, which in turn act as phosphoryl donors for autophosphorylation of their partner RRs. Nonpartner HKs and RRs also interact, giving rise to cross regulation among TCSs in response to diverse signals.
Introduction
Stochastic changes in gene expression have been observed in diverse biological systems from bacteria to multicellular organisms [Elowitz et al., 2002; Ferrell, Jr. and Machleder, 1998; McAdams and Arkin, 1997; Ozbudak et al., 2002; Thattai and van Oudenaarden, 2001] . Many have proposed that cells exploit stochastic, "all-or-none," effects as a means to achieve genetic and nongenetic diversity within cell populations in order to survive in different environments. Stochastic mechanisms are also thought to be a driving force in the determination of cell fate and development in complex organisms. Thus, a better quantitative understanding of the stochastic behavior of gene expression will have broad implications in cell biology.
Two-component systems (TCSs) are the most prevalent mechanism of transmembrane signal transduction in bacteria. TCSs control gene expression for many key processes in cell physiology, cell-cell communication, bacterial development and, in the case of pathogens, bacterial virulence. TCSs are important for cell survival and adaptation in a changing environment, in particular, for the dynamic changes that occur in bacterial-host interactions during infection. A typical TCS is comprised of a histidine kinase (HK) and partner response regulator (RR).
Detection of an environmental signal by the HK leads to its autophosphorylation and subsequent transfer of the phosphoryl group to an RR. Free and phospho-RRs in turn activate or inhibit gene expression in response to various environmental (or intracellular) cues.
The PhoR (HK)/PhoB (RR) TCS controls the expression of many genes in response to environmental (extracellular) inorganic phosphate (P i ). During growth with P i in excess, genes for use of alternative phosphorus (P) sources (e. g., phoA, encoding the non-specific alkaline phosphatase (Bap) for use of a variety of organic phosphates) are normally turned off. When growth is restricted due to limitation of extracellular P i , PhoR is autophosphorylated and acts as a phosphoryl donor for activation (autophosphorylation) of PhoB, resulting in activation (or inhibition) of a number of downstream target genes that comprise the phosphate (Pho) regulon.
Regulatory connections have been observed between different TCSs and for TCSs with other global regulators (e. g., [Hengge-Aronis, 2002; Suzuki et al., 2002] ). One of the first examples of physiologically useful signaling of this sort (also called cross regulation [Wanner, 1992] ) is the activation of the RR PhoB by the nonpartner HK CreC [Parkinson, 1988; Wanner and Latterell, 1980] . Activation of PhoB by CreC and PhoR is highly regulated by the carbon source and environmental P i , respectively, presumably as a means to coordinate carbon, energy, and P i metabolism [Wanner, 1993] . Although CreC-dependent activation of PhoB is strongly affected by various catabolites, the precise signal for CreC is unknown . Another example of cross regulation is the activation of the RR OmpR by the non-partner HK ArcB. In this case, activation of OmpR by its partner HK EnvZ is controlled by the medium osmolarity (the signal for EnvZ), whereas the activation of OmpR by ArcB responds to anaerobiosis (the signal for ArcB) [Matsubara et al., 2000] . Observations such as these suggest that many TCSs may respond to signals from different HKs as a way to facilitate adaptation to changing environments.
With the goal of understanding the biological basis of cross regulation, we previously conducted a systematic search for non-partner HKs that activate (phosphorylate) PhoB. To do this, we expressed genes for different HKs in single copy on the chromosome from the rhamnose-regulated rhaBp [Haldimann et al., 1998 ]. Among fourteen non-partner HKs tested, four HKs (ArcB, CreC, KdpD, and QseC) showed strong activation, two HKs (BaeS and EnvZ) showed weak activation, and eight HKs (BarA, BasS, CpxA, CusS, PhoQ, RstB, TorS, and YedV) showed no activation of PhoB [Blackman et al., 2005] . Careful examination of PhoB activation by these non-partner HKs revealed substantial variability in the degree of activation, and often as much as 10 to 15% differences among replicas of the same cell cultures. The observed variability was reminiscent of the Bap clonal variation phenotype, a metastable phenotype that was previously shown to be associated with the activation of PhoB by CreC [Wanner, 1986a; Wanner, 1986b; Wanner et al., 1988] .
The Bap clonal variation phenotype probably reflects heterogeneity of the cell population with respect to phoAp transcription [Wanner, 1987] . Accordingly, we tested for whether the variability among replicas for cross activation of PhoB by non-partner HKs is attributable to heterogeneity of the respective cell populations. We used flow cytometry to do single-cell profiling of PhoB activation by these HKs in cells carrying a phoAp-gfp (green fluorescent protein) reporter fusion. Cells expressing different non-partner HKs displayed bimodal behavior with respect to expression of the phoAp-gfp transcriptional fusion. Accordingly, cells appear to display the stochastic character of gene expression in a cross-regulation network of TCSs, which would allow for generation of nongenetic diversity within a genetically homogeneous cell population that would facilitate adaptation to different environments.
Methods
Strains. All bacteria are isogenic with E. coli K-12 BW26910 (lacIp4000 (lacI q ) rrnB3 ∆lacZ4787 ∆phoR574 ∆creABCD154 hsdR514 DE(araBAD)567 DE(rhaBAD)568 rph-1) and carry a chromosomal rhaBp-HK fusion, with or without the gene for its partner RR and the genes for acetyl phosphate synthesis. All fusions were constructed by λ Red-mediated recombination essentially as described elsewhere [Datsenko and Wanner, 2000] , except by using PCR fragments generated with a specially designed template plasmid having an outwardly directed rhaBp [Datsenko and Wanner, 2005] . The DE(rhaBAD)568 mutation [Haldimann et al., 1998 ] permits use of L-rhamnose as a gratuitous inducer by eliminating genes for rhamnose catabolism. The DE(ackA pta)160 mutation [Metcalf et al., 1996] was introduced to eliminate acetyl phosphate synthesis.
Reporter fusions. Transcriptional phoAp-and rhaBp-gfp fusions were made using CRIM plasmids [Zhou et al., 2004] , which were integrated into the chromosome or a specially engineered low copy number F plasmid [Firth et al., 1996; Zhou et al., 2005] , as described previously [Haldimann and Wanner, 2001] .
Cell growth and sample preparation. Cells were routinely grown in MOPS minimal medium with excess P i (2 mM K 2 HPO 4 [Wanner, 1994] ) in 16 by 150-mm tubes with 2-ml medium containing 0.1% glycerol or in 250-ml deep-baffled flasks with 35-ml medium containing 1% glycerol. 1 mM L-Rhamnose was used for induction of HK synthesis. For time course studies, "starter" inocula were prepared by inoculating tube cultures with freshly-grown single colonies from an agar medium of similar composition and incubating about 12 hours in a roller at 37°C. Unless indicated otherwise, 10-to 40-µl portions from cultures that were grown without rhamnose were diluted ca. 1,000 to a low cell density (about 10 4 cells per ml) into flasks containing medium with L-rhamnose. These subcultures were incubated about ten hours till reaching a visibly turbid cell density when sampling commenced. For cell culture density measurements, 100-µl portions were added to 150-µl "fix" (0.5-ml formaldehyde per 100 ml water) in wells of a 96-well microplate, mixed by pipetting, and measured in a Molecular Devices 340PC plate reader at A 410 . For Bap assays, 100-µl portions were added to 200-µl 1M Tris·HCl buffer (pH 8.0) and 100 µg/ml chloramphenicol in microfuge tubes (in an ice-water bath), vortexed briefly and kept on ice until assayed. For flow cytometry, 100-µl portions were added to empty microfuge tubes and kept on ice until assayed.
Bap assay. Bap activities were quantitatively determined by a microplate colorimetric assay, essentially as described for measuring β-galactosidase activities [Zhou et al., 2003] , except for use of p-nitrophenol phosphate (pNPP) as substrate and 1 M Tris·HCl as buffer. 10-to 30-µl portions of the Bap assay samples were added to 200-µl Tris·HCl assay buffer containing 100 µg/ml chloramphenicol and 15 mM OTG (1-S-octyl-β-D-thioglucoside) in microplate wells. The microplate was then incubated with shaking at 37°C for 10 minutes. Assays were started by addition of 20-µl 1.0% pNPP (prewarmed) to the microplate wells with a multichannel pipettor. Readings were taken at regular intervals (5, 10, and 20 min and later times) until all samples reached an A 410 of 0.2 to 0.6 or 16 h, whichever occurred first. A no cell (buffer plus pNPP) blank was run in each microplate. Enzyme units were calculated in terms of nanomoles per min per ml culture using the molar extinction coefficient ε 410 of 1.62 ×10 4 . Specific activities are enzyme units per cell culture A 410 . After subtraction of the blank, values were calculated using the equations:
where CDF is the Culture Dilution Factor (which is 3.0 if 100 µl sample was added 200 µl buffer), SDF is the sample dilution factor (which is 8.33 if 30 µl was added to give a (final) 250 µl reaction), and CF is the conversion factor (61.73, i. e., 10 6 /16200, for conversion of absorbance to nanomoles per ml). A 410 (t e ) and A 410 (t 0 ) are the absorbances at the end (t e ) and start (t 0 ), respectively. Specific activity = Activity /[2.5 (FDF) · A 410 (cells)], where FDF is the Fix Dilution Factor and A 410 (cells) is the cell density. Flow cytometry and data analysis. For collecting gfp expression data, samples were held on ice until assayed in a CYTOMICS FC500 (Beckman-Coulter, Hialeah, FL, USA) flow cytometer. The CYTOMICS FC500 is equipped with 2 air-cooled lasers, a blue Argon laser (excitation wavelength at 488 nm) and a red Helium-Neon laser (excitation wavelength at 633 nm). Up to seven optical parameters can be collected simultaneously: Forward Scatter (FS), related to the size of the particles; Right Angle Light Scatter (RALS), related to the shape and the internal structure (granularity) of the particles; up to 5 fluorescent signals centered approximately at 525, 575, 610, 675 and 755 nm. GFP fluorescence data were obtained by excitation with the 488-nm Argon laser and collecting the emission centered around 525 nm. SYTO 17 (Molecular Probes, Inc., Eugene, OR, USA), a red fluorescent DNA stain excitable with the Helium-Neon laser, was used to distinguish cells from the background signal (noise, [Blackman et al., 2005] . We therefore examined the time course for activation of PhoB by ArcB by measuring Bap activity ( Fig. 2A) . Unexpectedly, our data showed that the Bap specific activity increased with increased cell density. Because replica cultures were occasionally sampled at different cell densities in earlier studies, the large variations seem to result from cell density effects on activation of PhoB. Two mechanisms would account for cell density-dependent increased specific activities (Fig.  2B ). The entire cell population could show graded expression with respect to ArcB/PhoBdependent phoA expression. For example, a subtle change in anaerobiosis at higher cell densities could lead to greater stimulation of ArcB and increased activation of PhoB with increased cell density. Alternatively, the cell population could show threshold expression. That is, the proportion of cells showing ArcB/PhoB-dependent phoA expression could increase with increased cell density. This could result from a cell density effect on stimulation of ArcB in individual cells. Single-cell profiling was carried out in order to distinguish if the cell density effect on the activation of PhoB results from a graded or threshold response.
Single-cell profiling of PhoB activation.
To test for graded versus threshold effects on PhoB activation, reporter strains carrying a phoAp-gfp fusion on a low copy F plasmid were made for all six rhaBp-HK fusion strains. Examination of these strains following growth overnight (12 hours) in carbon (glycerol)-limited cultures revealed a bimodal distribution of fluorescence intensities for all six rhaBp-HK fusion strains (Fig. 3) . The lower and higher fluorescence intensity peaks for these strains coincide with intensity values of non-activated and activated subpopulations, as determined by comparison with cultures grown without and with L-rhamnose for induction of HK synthesis (data not shown). As shown in Fig. 3 , nonactivated and activated subpopulations were seen for all six HK reporter strains, however the bimodal distribution patterns were more evident for ArcB and KdpD than for the other HKs. These data show that activation of PhoB by non-partner HKs shows a threshold response.
The variability observed for activation PhoB by these HKs probably resulted from heterogeneity of the cell population with respect to phoAp transcription. Further studies were carried out for activation of PhoB by ArcB. We also examined the effect of the incubation time with the inducer (L-rhamnose). As described in Materials, we routinely inoculate shake flask cultures at a low cell density and then incubate these cultures for about 10 hours until they become visibly turbid when we begin sampling them. To minimize heterogeneity, we routinely use starter inocula that are prepared by inoculation of small, carbon-limited cultures with single colonies from an agar medium of similar composition. Starter cultures are grown for about 12 hours and are usually prepared with medium lacking an inducer. Accordingly, we tested whether addition of L-rhamnose to the starter cultures has an effect. Similar bimodal distribution patterns for phoAp-gfp expression were seen with cultures that had been inoculated from uninduced (normal) or induced starter cultures, as shown in Fig. 4A and 4B, respectively. In other words, both non-activated and activated subpopulations were observed regardless of whether cells had been grown with Lrhamnose (for induction of arcB expression) for ten or more than twenty hours. With increased cell density the non-activated subpopulation (without green fluorescence) decreased from about 50% to 30% of the total population, while the activated subpopulation (with green fluorescence) steadily increased from approximately 50% to 70% during this period (Fig. 4A) . Concomitant increases in Bap specific activities were also seen (data not shown). As expected, the proportion of non-activated cells was significantly lower in cultures that had been grown for a longer period in the presence of L-rhamnose (Fig. 4B) . One possible effector of the cell density-dependent increased PhoB activation by ArcB could be acetyl phosphate. We therefore also examined the effect of a ∆(ackA pta) mutation. Similar results were found for activation of PhoB by ArcB in single-cell profiling of ∆(ackA pta) mutant (data not shown). 
Effect of L-rhamnose concentration on activation.
The classic all-or-none phenomenon resulted from use of a suboptimal inducer concentration [Novick and Weiner, 1957] . We therefore examined the effect of varying L-rhamnose concentration from 0.1 to 10 mM. To rule out the possibility that the heterogeneity resulted from use of a low copy plasmid (e. g., due to an effect on F plasmid replication), these experiments were done with a strain carrying a chromosomal phoAp-gfp reporter fusion. Single-cell profiling of the chromosomal phoApgfp reporter fusion also revealed bimodal distribution of fluorescence intensity (Fig. 5) . While GFP fluorescent data showed a definite effect of inducer concentration on the binary response of phoAp-gfp expression (Fig. 5) , a bimodal distribution of non-activated and activated cells was clearly evident even at the highest inducer concentration. While we do not understand the basis for the effect of the L-rhamnose concentration, 0.1 mM is more than tenfold above the K t for rhamnose uptake [Muiry et al., 1993] . Thus, it is unlikely that uptake is limiting because we routinely use 1 mM, which is more than 100-fold greater than the K t . Further, a rhaBp-gfp fusion showed homogenous induction of GFP fluorescence under these conditions (data not shown).
(an intermediate of the acetate kinase (AckA)-phosphotransacetylase (Pta) pathway), and the nonpartner HK EnvZ. Also, activation by EnvZ was seen only in the absence of OmpR and required acetyl phosphate synthesis . We recently conducted a systematic search for additional nonpartner HKs that activate PhoB. We did this in a ∆creC ∆phoR mutant (BW26910) to prevent interference by CreC and PhoR. Because HKs are stimulated by different signals, many of which are unknown, we used a strategy that did not require an exogenous signal. We sought HKs that activate PhoB upon (modest) overexpression from chromosomal rhaBp-HK transcriptional fusions. We previously found that overexpression of CreC or PhoR result in activation of PhoB in the absence of a signal (unpublished data).
Fourteen RRs belong to the OmpR/PhoB family (also simply called the PhoB family). We tested all thirteen HKs that are partners of other PhoB family RRs for cross activation of PhoB. We also tested the HK BarA (the partner of the NarL family RR UvrY [Pernestig et al., 2001] ) because BarA has been shown elsewhere to activate the PhoB family RR OmpR [Nagasawa et al., 1992] . Our search revealed four HKs (ArcB, CreC, KdpD, and QseC) that strongly activate PhoB, two HKs (BaeS and EnvZ) that weakly activate PhoB, and eight other HKs that failed to activate PhoB [Blackman et al., 2005] . These data provide additional support for cross activation of PhoB by CreC and EnvZ. They also show that there is a high degree of specificity not only between partner HKs and RRs, but also between non-cognate HKs and RRs of the same family.
Cross activation of PhoB by CreC displays a metastable, clonal variation phenotype, resulting from an all-or-none effect on transcription of phoA and other Pho regulon promoters in single cells [Wanner et al., 1988; . This unusual switching behavior is no doubt partly a consequence of the autoamplification of phoBR operon expression by PhoB [Guan et al., 1983] . We have also seen a similar Bap clonal variation phenotype in mutants that affect signaling by other HKs, including ArcB (unpublished data). We therefore examined activation of PhoB by nonpartner HKs by single-cell profiling of strains carrying a phoAp-gfp reporter fusion.
Our GFP expression data showed that all six non-partner HKs lead to bimodal (all-or-none) distribution of fluorescence intensities, even following several generations of growth for induction of HK synthesis. Accordingly, the stochastic activation of PhoB by noncognate HKs appears to be a fundamental property of PhoB signaling system. In preliminary studies, we have also now observed bimodal behavior with respect to expression of the phoAp-gfp upon activation of PhoB by PhoR in response to P i limitation (L. Z. and B. L. W., unpublished data).
Several features of the PhoB TCS may account for its bimodal behavior upon activation of different HKs, especially the observed cell density effect on activation of PhoB by ArcB. First, PhoB synthesis itself is controlled by an autoamplification loop. Second, activation of PhoB by ArcB (and probably other HKs) probably results a system operating near a threshold.
It is unclear what property of the system is near a threshold. It could be the amount of ArcB or active (autophosphorylated) ArcB. It could be the amount of PhoB or active (phosphorylated) PhoB. Or, it could be the amount of signaling molecule or some other factor. Many of these factors are difficult to assess in large cell populations, and surely most difficult in single cells. Modeling of these and other factors [Kierzek et al., 2001] should provide insight into what further experiments are needed to understand more fully the operation of the PhoR/PhoB TCS. His→Asp phosphotransfer reactions have been shown to occur between nonpartner HKs and RRs, at least in vitro [Yamamoto et al., 2005] . We tested only fourteen non-partner HKs for activation of PhoB, including two hybrid HKs (ArcB and BarA). Whether other HKs cross activate PhoB has not been tested. Cross regulation may also occur among many other TCSs.
Even in the absence of full understanding of the underlying mechanism, our results have implications with regards to cross regulation among TCSs. For example, because signaling by CreC has only a small effect in the presence of PhoR, it has been difficult to establish its physiological significance . The finding that activation of PhoB by noncognate HKs results in heterogeneous response at the single-cell level suggests that only a subpopulation is activated under these conditions. Accordingly, the small effects seen earlier may result from high activation of a subpopulation. Non-cognate interactions of this sort may be critically important in the coordination of cell growth and metabolism, as suggested earlier [Wanner, 1992] .
Stochastic changes in gene expression result in phenotypic variation within genetically homogenous cell populations. Classic example of this behavior is the all-or-none switch resulting in the spontaneous release of phage λ from a population of lysogenic cells [Witkin and Wermundsen, 1977] . Phenotypic variation has also been seen among subpopulations during formation of bacterial colonies arising from the growth of single cells [Shapiro, 1992] . Analogous stochastic changes in gene expression may also contribute to bottleneck effects during infection by bacterial pathogens.
In summary, the bimodal behavior of phoAp-gfp expression resulting from activation of PhoB by nonpartner HKs observed in this work shows that cross-regulation leads to heterogeneity of the cell population. In nature such heterogeneity could play an important role in adaptation to a changing environment. By turning on gene expression in a subpopulation, a small number of cells while in the process of adapting to one stimulus could always be ready, "primed," for diverse changes to achieve rapid and successful adaptations to fluctuating environments.
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